The glass-forming ability and mechanical properties of Fe-B-Si-Nb glassy alloys have been investigated. The Fe 72 B 20 Si 4 Nb 4 glassy alloy was prepared in a cylindrical form with a diameter of 2 mm. Young's modulus, compressive fracture strength and plastic elongation of the bulk metallic glass were 200 GPa, 4200 MPa and 1.9%, respectively. Many shear bands were observed along the shear plane, which was declined by about 43 degrees to the direction of applied load, and the fracture occurred along the shear plane. The local-ordered regions were recognized in the high-resolution TEM image of the Fe 72 B 20 Si 4 Nb 4 bulk metallic glass with a diameter of 2 mm. The good mechanical properties are attributed to the suppression effect of the local-ordered regions on the propagation of shear bands.
Introduction
Since a bulk metallic glass (BMG) in La-Al-Ni system was synthesized for the first time by a copper mold cast method in 1989, 1) a number of BMGs have been formed in ferrous alloy group as well as in nonferrous alloy groups such as Ln-, 1) Mg-, 2) Zr-, 3) Ca- 4) and Cu-based 5) systems. Fe-based BMGs are classified into the following four groups of Fe-(Al, Ga)-P-C-B, 6) Fe-(Zr, Hf, Nb, Ta)-B, 7) Fe-Co-Ln-B 8) and Fe-B-SiNb. 9) It has been pointed out that the BMGs with high glassforming ability (GFA) satisfy the following three empirical component rules, 10, 11) i.e., (1) multicomponent systems consisting of more than three elements, (2) significant difference in atomic size above 12% among the main three constituent elements, and (3) large negative heats of mixing among the consistent elements. It is known that the new Fe-B-Si-Nb BMG with high GFA was developed 9) on the basis of the component rules. It has been pointed out that the addition of Nb as well as the increase in B/Si concentration ratio is effective for the increase in GFA.
Recently, the BMGs with diameters up to 3 mm were formed in Cu-Zr-Ti 12) and Ni-Nb-Ti-Zr 13) systems, and the BMGs exhibit good mechanical properties, i.e. high fracture strength of 2150 to 3090 MPa combined with plastic elongation up to 3%. The mechanical properties are extremely attractive for industrial applications.
However, there have been no data on the compositional dependence of GFA and mechanical properties of Fe-B-SiNb alloys. This paper intends to present the composition dependence of GFA in Fe-B-Si-Nb system and mechanical properties of the resulting Fe-B-Si-Nb bulk glassy alloys.
Experimental Procedure
Multicomponent alloys in Fe-B-Si-Nb system were examined because the (Fe 0:75 B 0:15 Si 0:10 ) 96 Nb 4 metallic glass exhibited high GFA 9) in the Fe-based alloy series. Alloy ingots were prepared by induction melting the mixtures of pure Fe(99.9 mass%), B(99.6 mass%), Si (99.99 mass%) and Nb (99.9 mass%) elements in an argon atmosphere. The alloy compositions represent nominal atomic percentages of the mixtures. BMGs in a cylindrical form with a constant length of 60 mm and different diameters of 2 to 4 mm were produced by a copper mold casting method. Glassy ribbons with thicknesses from 0.02 mm to 0.30 mm were also prepared by melt spinning. The glassy structure was examined by X-ray diffraction (XRD) with Cu-K radiation, optical microscopy with a polarizing filter and transmission electron microscopy (TEM). The sample for TEM observation was prepared by the ionmilling technique. Thermal stability was examined by differential scanning calorymetry (DSC) at a heating rate of 0.67 K/s. Mechanical properties of cast BMGs were measured with a Vickers microhardness tester under a load of 50 gf and an Instron testing machine at a strain rate of 2 Â 10 À4 s À1 under a uniaxial compressive load.
Results
Glassy alloy ribbons in Fe-B-Si-Nb system were formed by melt spinning in a wide composition range of 0 to 6 at%Nb and their critical thickness for glass formation was examined by XRD. Figure 1 shows the compositional dependence of the critical thickness for formation of a single glassy phase in the Fe-B-Si-Nb quaternary alloys by the melt-spinning method. It is known that the highest GFA in Fe-B-Si ternary system is obtained at the composition of Fe 75 B 15 Si 10 , 14) as shown in the figure. The critical thickness for glass formation is about 0.15 mm for Fe 75 B 15 Si 10 alloy. The present value is different from the previous data in Ref. 14) . The previous data were taken for the thick ribbons with continuously different thicknesses prepared by the special melt-spinning method in which the wheel velocity decreases rapidly from 50 m/s to zero within 2 seconds. The 4-6 at%Nb containing alloys are composed of a single glassy phase in the thickness range up to 0.20 mm, indicating that the addition of Nb is effective for the increase of GFA. Furthermore, the optimum composition range for glass formation shifts from '10 at%Si and 15 at%B to 2-8 at%Si and 18-24 at%B by the addition of Nb. In addition, the optimum Nb content for highest GFA was 4 to 6 at%Nb. Fig. 2 . It is seen that the addition Nb causes some significant change in the thermal properties. The glass transition appears for the Nb containing alloy, accompanying the appearance for a super cooled liquid region before crystallization. This change indicates that the 4-6 at%Nb alloy may have high GFA. Figure 3 shows the XRD patterns taken from the crosssection of the Fe 76Àx B 20 Si 4 Nb x BMGs. These cylindrical samples have broad diffraction peaks and no sharp diffraction peak corresponding to a crystalline phase is seen for all the samples, indicating that a mostly single glassy phase is formed by the casting method. In addition, it is noted that the alloy has high GFA enough to produce a single glassy phase even in the 2 mm cylindrical sample. The critical diameter for glass formation of Fe-B-Si-Nb system increased from 1.5 to 2.0 mm by the optimization of alloy. Figure 4 shows the outer surface and cross-sectional structure of the as-cast cylindrical Fe 72 B 20 Si 4 Nb 4 BMG with a diameter of 2 mm and a length of 60 mm prepared by copper mold casting. Neither holes nor cavities are seen on the outer surface of the as-cast samples and their surface has good luster. Although some cavities are observed as small dark spots, no distinct crystalline contrast is seen over the whole cross-section, indicating the formation of a single glassy phase. The shape and dimension of the as-cast sample are just the same as the inner shape of the copper mold indicating that the present alloy has good castability. Figure 5 shows the DSC curves of the cylindrical Fe 72 B 20 Si 4 Nb 4 BMG with a diameter of 2 mm together with the data of the melt-spun Fe 72 B 20 Si 4 Nb 4 glassy ribbon. The glass transition temperature (T g ) and crystallization temperature (T x ) of the bulk sample are 829 and 876 K, respectively. Furthermore, there is no appreciable difference in T g and T x between the cast and melt-spun samples. The heat of crystallization (ÁH x ) for the first exothermic peak was evaluated to be 3.4 kJ/mol for the rod with a diameter of 2 mm and 3.5 kJ/mol for the ribbon, being nearly the same between the two samples. It is thus concluded that the sequent transition behavior of glass transition, supercooled liquid and crystallization is independent of the preparation conditions. However, there is an appreciable difference in the DSC curves at the temperatures below T g between the cast and melt-spun samples as shown in Fig. 3 . That is, the heat of irreversible structural relaxation has a distinct difference in both states because of the significant difference in cooling rate. 
Discussion
We discuss the reason for the significant increase in the critical thickness and diameter for glass formation from 0.15 and the heat of mixing is À23 kJ/mol for Nb-Fe pair, À39 kJ/ mol for Nb-(B, Si), À38 kJ/mol for Fe-B and À26 kJ/mol for Fe-Si. 16) It is recognized that Fe-B-Si-Nb alloy satisfy the three component rules for the formation of BMG. However, the increase in Nb content requires an increase of B content and a decrease of Si content to obtain the optimum GFA, presumably because of easier formation of network-like atomic configurations in which trigonal prisms consisting of Fe and B are connected with each other through a glue atom of Nb. Such a structure model has been reported in Fe-Nb-B ternary glassy alloys with a large supercooled liquid region before crystallization. It is known that a single glassy phase can be deformed by shear sliding through massive movement of constituent atoms within a thickness of 20 to 30 nm 18) along the maximum shear stress plane. The short-range ordered regions of the 1 nm diameter dispersed homogeneously in Fe 72 B 20 Si 4 Nb 4 BMG, however the ordered region of the 2-3 nm diameter exist locally in Fe 70 B 20 Si 4 Nb 6 BMG. The homogeneous dispersion of the short-range ordered regions only small size can suppress the development of the shear band in the localized region, leading to the subdivision of the shear sliding mode. The subdivision also enables to generate the shear band in the other deformation sites. The change in the generation mode of shear band caused by the unique structure seems to result in the simultaneous achievement of high strength and good ductility.
Summary
The BMGs were formed in Fe-B-Si-Nb quaternary system and the largest diameter was 2 mm for 
